The objective of this study was to quantify the phenotypic and genetic risk factors associated with multiple ovulations and twin births in cattle. Prevalence and cow-and herd-level risk factors associated with ovulation rate were determined using 40,617 ultrasonographic records of the reproductive tract from 27,907 dairy and beef cows from 738 commercial herds. Prevalence of twin births was estimated from the Irish national database containing 23,658,351 calving events from 8,546,695 cows from 125,251 dairy and beef herds; factors associated with twin births were determined using a random subsample of 505,200 calving events from 280,638 cows in 81,329 herds. The mean prevalence of multiple ovulations was 6.83% while the prevalence of twin births was 1.74%. Occurrence of both multiple ovulations and twin births was associated with the month of scan (P < 0.0001) and month of calving (P < 0.0001), respectively, and peaked in November for multiple ovulations and October for twin births. The likelihood of multiple ovulations increased with interval postpartum and peaked between 45 to 185 d postcalving, after which the likelihood declined. The likelihood of both multiple ovulations (P < 0.0001) and twin births (P < 0.0001) increased with increasing cow parity. A greater proportion of Holstein, Friesian, Simmental, Hereford, and Charolais breed fractions were associated with a greater likelihood of multiple ovulations. There was no difference between breed proportion of the cow and incidence of twin births, where all breed proportions examined, litter difference existed among breeds in their association with risk of twin births. Although multiple ovulations were lowly heritable (0.028 ± 0.003), their occurrence was repeatable (0.326 ± 0.342) while twin birth rate in cattle was lowly heritable (0.017 ± 0.004) and repeatable (0.018 ± 0.011). The genetic SD of the presence of multiple ovulations and twin births was 0.04 and 0.02, respectively, indicating considerable genetic variation, especially for multiple ovulations. A moderate genetic correlation (0.66 ± 0.16) existed between multiple ovulations and twin births.
INTRODUCTION
Cattle are in general a monotocous species and under most circumstances a successful pregnancy results in the birth of a singleton calf. Natural multiple births in cattle is primarily due to multiple ovulations (Rowson et al., 1971; Echternkamp, 1992) , which involves the simultaneous formation of 2 or more ovulatory follicles either from the same ovary or from both ovaries. Approximately 5 to 14% of all twins born in cattle are monozygotic (Cady and van Vleck, 1978; Ryan and Boland, 1991; Silva del Rio et al., 2006) .
The incidence of twin births in cattle has increased consistently in recent years (Kinsel et al., 1998; Silva del Rio et al., 2007) . Cows with twin births have increased risk of metabolic disorders postpartum such as displaced abomasums (Pardon et al., 2012) and ketosis (Silva del Rio et al., 2010) . In addition, the subsequent reproductive performance of a dam giving birth to twins is impaired, with increased risk of dystocia Hossein-Zadeh, 2010; Mee et al., 2011) , uterine infection, longer interval to estrus postpartum, increased days open, and reduced conception rates in dairy and beef cows (Echternkamp and Gregory, 1999; Gregory et al., 1990) . Little is known of the contribution of genetics to differences in twining rate and in particular multiple ovulations; no study on the genetics of multiple ovulations has been undertaken in commercial herds.
The objective of this study was to quantify the cow-(i.e., phenotypic and genetic) and herd-level risk factors associated with twinning and multiple ovulations in dairy and beef cows. Because of the previously documented adverse impact of twin births on subsequent cow performance, knowledge of the risk factors for twinning rate is critical to develop the appropriate management protocols for animals at risk. Moreover, the ability to genetically select for changes in ovulation rate can also be determined from the estimated variance components.
MATERIALS AND METHODS

Multiple Ovulations
Data were available on 148,990 reproductive tract ultrasonographic records from 75,966 animals in 843 herds between March 2008 and October 2012. All ultrasonographic measurements were performed by a single company (Reprodoc Ltd., Fermoy, Co. Cork, Ireland; http://www.cowsdna.com). Ultrasonographic assessment of the reproductive tract (USART) was performed transrectally using a real time β-mode ultrasound scanner with a 5 MHz transducer.
Multiple ovulations were described only in cycling cows by the presence of 2 or more corpora lutea (CL) on the ovary, indicating the ovulation of at least 2 follicles at the previous estrus. Corpora lutea of different echogenicity and size can be visualized using ultrasonography during the metestrus, diestrus, and proestrus stages of the cycle. The CL can be present on the same ovary or distributed between the 2 ovaries. Data from the Irish Cattle Breeding Federation (Bandon, County Cork, Ireland) were also available on individual cow information such as parity, date of calving, number of calves recorded at birth, gender of calves born, breed fraction, and herd type (beef or dairy). Only cows with >75% of the breed fraction known were retained. In addition, only cows calved between 10 and 600 d at the time of USART were included in the study. Parity records ≥5 were combined into one parity group (i.e., parity 5+).
Contemporary group of herd-year-season of calving was defined as described in detail by Berry and Evans (2013) . The algorithm is based on grouping animals together, within herd, that calve in close proximity. Initially calving dates differing by a predefined number of days (in this study 10 d was chosen) are placed in separate contemporary groups. Subsequently, if the number of records within any contemporary group was less than a predefined number (10 was chosen in the present study), they were merged with a contemporary group adjacent in time if the start date and end date of the adjacent contemporary groups was less than a specified number (in this study 182 d was chosen as the threshold). Only contemporary groups with at least 5 records were retained. Following edits, 40,617 records from 27,907 cows in 738 herds remained between the years 2010 and 2012. The 738 herds consisted of 497 dairy herds and 241 beef herds.
Twin Births
A total of 23,658,351 calving events from 125,251 herds between the years 2002 and 2012 resulting in either a singleton or twin birth were available from the Irish Cattle Breeding Federation database; the mean prevalence for ≥3 births at a single calving was 0.0038% and they were therefore not included. Cows with an unknown parity were discarded and records from ≥5 parity were combined into one parity group. Only cows with >75% of the breed fraction known were retained. The incidence of twinning and how it varied across years was determined using this dataset. Only calving events from 2010 and 2012 were used to quantify the risk factors associated with twinning as well as the impact on dystocia and perinatal mortality. Twin births were included in the data as single entries.
Contemporary group of herd-year-season of calving was generated as described in detail earlier and only contemporary groups with at least 5 records were retained. In total, 505,200 calving events from 280,638 cows in 81,329 herds (15,411 dairy herds and 65,918 beef herds) remained.
Statistical Analyses
Factors associated with the logit of the probability of a multiple ovulation or twin birth were determined using multiple regression mixed models in ASReml (Gilmour et al., 2009 ) accounting for the binomial error distribution of the data. An initial analysis included a single effect of herd type (i.e., dairy or beef) in the model to quantify differences in the two production systems. Fixed effects considered for inclusion in the subsequent analyses were year and month of scanning (multiple ovulations) or calving (twin births), parity (1, 2, 3, 4, ≥5), breed proportion of the cow, and heterosis and recombination loss coefficients of the cow. The breeds considered included Aberdeen Angus, Belgian Blue, Charolais, Friesian, Hereford, Holstein, Jersey, Limousin, Montbeliarde, and Simmental and each term was included separately in the model as a continuous variable varying from zero to one. For multiple ovulations, the interval postpartum was also considered as a risk factor and was divided into 8 Phenotypic and genetic variances for both multiple births and twinning were estimated using animal linear mixed models in ASReml (Gilmour et al., 2009 ) using the fixed and random effects of the developed multiple regression model. However, the animal (i.e., dam) component was decomposed into both a direct additive genetic and a permanent environmental component. The pedigree of all animals was traced back to founder animals and the resulting numerator relationship matrix was used in the estimation of the direct additive genetic effects.
RESULTS
Multiple Ovulations
The mean prevalence of multiple ovulations was 6.83%. The likelihood of a cow from a beef herd having a multiple ovulation was 0.65 times (95% confidence interval [CI] 0.51-0.83; P < 0.005) that of a cow in a dairy herd. Risk factors associated with multiple ovulations were year and month of USART, parity, and breed proportion of the cow. The intercept of the multiple regression model was -2.89; the intercept represented a first parity Holstein cow, scanned in March and averaged across years.
The prevalence of multiple ovulations was greatest (P < 0.0001) in 2011 (7.22%) compared to 2010 (4.00%) and 2012 (6.91%). The likelihood of multiple ovulations was greatest towards the end of the calendar year ( Fig. 1 ) with a range of 4.63 percentage units between the peak (November) and trough (July) months.
The likelihood of multiple ovulations increased linearly with cow parity (Table 1) , where the predicted probability increased from 5.27% in a first parity cow to 7.57% in a 5+ parity cow. The risk of multiple ovulations increased with interval postpartum to a peak between d 45 to 185 postpartum after which the risk declined (Fig. 2) .
Increased Friesian, Holstein, Charolais, Hereford, and Simmental breed proportion was associated with a greater likelihood of multiple ovulations (Table 2) . Neither recombination loss nor heterosis was associated with multiple ovulations (Table 2) .
Twins Births
The mean prevalence of twin births was 1.74% from the entire dataset between the years 2002 and 2012. The mean prevalence of twins in the reduced dataset to investigate the risk factors for twin births was 1.60%. There was no association between herd type (dairy or beef) and the probability of a twin birth. Of the twin births, 27.17% were both female calves, 26.89% were both male calves, and 45.94% of twins were mixed gender. Factors associated with twin births were year and month of calving, parity, breed proportion, and the recombination loss coefficient of the cow. The intercept of the multiple regression model was -4.97; the intercept represented a first parity Holstein cow calving in March averaged across all 3 yr of the study.
The prevalence of twin births increased with year (P < 0.0005) and was 1.54% in 2010, 1.59% in 2011, and 1.67% in 2012. The risk of a twin birth peaked in the latter part of the calendar year between August and November (Fig. 1) . The predicted probability of a twin birth to a first parity Holstein cow calving in March was 0.62% and was 1.02% in October. The likelihood of a twin birth increased consistently with cow parity (Table 1) . Relative to a primiparous cow, second parity cows had over twice the odds of a twin birth whereas fourth or greater parity cows had more than 3 times the likelihood of a twin birth.
Breed proportion of the cow was associated with the likelihood of twin births (Table 2) . Increased recombination loss was associated with reduced likelihood of a twin birth ( Table 2 ). Cows that recorded multiple ovulations had a 4.59 times (95% CI: 3.25- 6.50) greater odds of having a twin birth compared to cows that recorded a single ovulation.
Genetic Parameters
The heritability and repeatability of multiple ovulations was 0.028 ± 0.003 and 0.326 ± 0.342, respectively; the genetic SD for multiple ovulations was 0.04. The heritability and repeatability of twin births was 0.017 ± 0.004 and 0.018 ± 0.011, respectively; the genetic SD for twin births was 0.02. The genetic correlation between multiple ovulations and twin births was 0.66 ± 0.16.
DISCUSSION
The prevalence of multiple ovulations in the present study was 3.93% units greater than the prevalence of twin births in the present study, which corroborates a meta-analysis of available studies although most did not investigate the prevalence of multiple ovulations and twin births on the same animals. Multiple ovulation rates documented in different populations range from 2.90 and 22.40% (Table 3) while population prevalence of twin births range from 0.80 and 5.80% (Table 3 ). The greater prevalence of multiple ovulations compared to twin births is most likely due to fertilization failure (Echternkamp et al., 2009; Çobanoğlu, 2010) or embryonic/fetal loss that can occur at a higher frequency during a twin gestation 
Season
The greater prevalence of multiple ovulations between October and December in the present study is similar to a study undertaken in Spanish dairy cows (López-Gatius et al., 2005) , where the multiple ovulation rate was greatest between October and April. The greater prevalence of twin births observed between August and September in the present study may be due to the establishment of a successful pregnancy in cows bred to multiple ovulations at the latter stage of the year (i.e., when the prevalence of multiple ovulations was greatest), assuming a gestation length between 279 and 288 d (Norman et al., 2009 ). Similar to the present study, seasonal trends in twin births have been documented in other populations with an increased prevalence between July and March (Silva del Rio et al., 2007) and July and September (Hossein-Zadeh et al., 2009). In Ireland, autumn calving cows on average produce more milk compared to spring calving cows (Ryan et al., 1999) . Both Fricke and Wiltbank (1999) and Lopez et al. (2005a) documented a greater prevalence of multiple ovulations in higher producing cows. Moreover, the energy density of the diet fed to Irish cows calving during the autumn is greater than that fed in spring. In sheep, the practice of "flushing" involves the feeding of a higher plane of nutrition directly before and during the breeding season; the objective of feeding a higher plane of nutrition is to increase the incidence of multiple ovulations and accordingly multiple births (Gordon, 2004) .
Parity and Interval Postpartum
The increased likelihood of both multiple ovulations and twin births with increasing parity has been well documented in many populations (Table 3) . This increase may be associated with the mean increase in milk yield as parity increases (Walsh et al., 2007) since cows with higher milk yield have, on average, an increased incidence of multiple ovulations (and therefore twins) compared to cows of lower milk yield (Fricke and Wiltbank, 1999; Lopez et al., 2005a) . It has been hypothesized that hormonal changes in the higher yielding cow may influence the selection process of the dominant follicle, where elevated concentrations of FSH before ovulation may facilitate the selection of codominant follicles for ovulation (Wiltbank et al., 2000) . The pattern of the relationship between stage of lactation and the likelihood of multiple ovulations was also similar to previous studies (López-Gatius et al., 2005; Silva del Rio et al., 2009 ).
Breed
Holstein and Friesian breeds are recognized as high milk production breeds and the association between milk production and the risk of multiple ovulations has been established elsewhere (Fricke and Wiltbank, 1999; Lopez et al., 2005a) . In addition to experiencing multiple ovulations, dairy breeds have a high prevalence of twin births (reviewed by Rutledge, 1975) consistent with the results from the present study demonstrating a greater risk of twin births in breeds with increased Holstein and Friesian proportions. Steroid hormone imbalances in high producing cows can increase FSH and LH (Wiltbank et al., 2000; Lopez et al., 2005b) . This can result in the selection of codominant follicles for ovulation, and is the most plausible reason for increased multiple ovulations and subsequent twin births in Holstein and Friesian breeds. However, further research into the effects of high milk yield on hormone regulation and its impact on multiple ovulations needs to be undertaken. In the present study increased proportion of Charolais and Hereford bloodlines were associated with increased multiple ovulations and twin births. This could potentially be due to overconditioning of these breeds for the beef market. Previously, the Charolais cow was evaluated as the heaviest and tallest breed from a study involving several breeds and crossbreeds (Arango et al., 2002) , which implicates a link between physical size of the cow and multiple ovulations and twin births. In the present study, increased proportion of other bloodlines (Aberdeen Angus, Belgian Blue, Jersey, Limousin, and Montbeliarde) was associated with twin births in the absence of multiple ovulations. Owing to the annual increase in twin birth rate shown in this study and previous studies (Kinsel et al., 1998; Gregory et al., 1990; Silva del Rio et al., 2007) and the possible economic benefit of increased reproduction rates to beef cattle producers, it is plausible that indirect selection for prolific and robust breeds has been (inadvertently) introduced in recent years.
Genetic Parameters
Corroborating results from the present study, twin birth rate in cattle has also been previously documented in other dairy and beef populations to be lowly heritable and repeatable when estimated using a linear model (Rutledge, 1975; Van Vleck et al., 1991; Echternkamp et al., 1990; Johanson et al., 2001; Hossein-Zadeh et al., 2009) . No heritability estimate, however, exists for multiple ovulations in commercial herds; the heritability estimate of multiple ovulations previously documented in U.S. beef cows selected for twin births varied from 0.16 (Van Vleck et al., 1991) to 0.168 (Van Tassell et al., 1998) was based on a controlled experiment. This estimate is 5.7 times the heritability of multiple ovulations observed in the current study based on data from commercial farms. Heritability estimates differ between populations because of the difference in both genetic and nongenetic variance components. For example, the genetic variance within a population depends on the frequency of alleles at the loci influencing the trait, whether they are segregating, the size of the allelic substitution effect or effects and the mode of the gene actions. In the United States controlled experiment animals were selected for twinning rate, thus possibly influencing the genetic variance. Environmental variance is also likely to be proportionally less under controlled experimental conditions. The heritability estimate for multiple ovulations was between 7.5 and 20 times greater in sheep (Hanrahan, 1980; Waldron and Thomas, 1992) compared to the present study while the repeatability of multiple ovulations in the present study was similar to observed in sheep (Hanrahan, 1980; Matos et al., 1997) .
The heritability of multiple births in sheep has been documented to be 3.5 and 8 times greater (Rendel, 1956; Hanrahan, 1980; Waldron and Thomas, 1992) than the heritability calculated for cattle in the present study while the repeatability of multiple births was up to 11 times greater in sheep (Rendel, 1956; Inskeep et al., 1967; Hanrahan, 1980; Matos et al., 1997) compared to the repeatability of multiple births in the present study. Corroborating the moderate genetic correlation estimated in the present study (0.66 ± 0.16), Van Vleck et al. (1991) also documented a moderate to strong (0.80) positive genetic correlation between multiple ovulations and twin births in cattle. This suggests a common regulatory pathway for both traits but also indicates that selection for multiple ovulations can increase the incidence of twin births and vice versa.
The low heritability estimates for both multiple ovulations and twinning rate in the present study is consistent with the low heritability estimates reported elsewhere for traditional reproductive traits measured under field conditions (Veerkamp and Beerda, 2007) . However, considerable exploitable genetic variation was still evident despite the low heritability with the genetic SD for multiple ovulations being twice that for twin births. The genetic SD for multiple ovulations was only slightly lower than previously documented genetic SD for pregnancy traits (Berry et al., 2003) , which, like multiple ovulations, are also binary traits. These genetic parameters nonetheless suggest that genetic improvement in possible. Genetic change in twinning rate is, however, expected to be slower although more accurate recording of the phenotype could result in a greater heritability estimate and thus potentially a greater genetic variance.
Conclusion
Multiple ovulations are the prerequisite to dizygotic twins in cattle and it is not surprising that there is consistency in the risk factors associated with both multiple ovulations and twin births. Parity, year, season scanned or season calved, and breed of cow were all associated with both multiple ovulations and twin births. The heritability for multiple ovulations and twinning rate were low, yet considerable genetic variation was present. Moreover, there was a strong phenotypic and genetic association between multiple ovulations and twin births.
